Using x-ray absorption spectroscopy, we have studied the effect of pressure on femtometer-scale bond strain due to anisotropic magnetostriction in a thin FeCo film. At 7 GPa local magnetostrictive strain is found to be larger than at ambient, in agreement with spin-polarized ab initio electronic structure calculations, but contrary to the expected effect of compression on bond stiffness. The availability of high pressure data on local magnetostrictive strain opens new capabilities for validating theoretical predictions and can lead to the development of materials with the desired properties.
Owing to spin-orbit coupling and dipole-dipole interaction terms in its Hamiltonian, the spin degrees of freedom in a ferromagnetic or antiferromagnetic crystal are coupled to atomic displacements. The static component of this interaction results in a shift in the equilibrium atomic positions. The simplest aspect of the static interaction is the external magnetostriction which is the change in the macroscopic crystal dimensions. From a microscopic point of view there are shifts in the atomic coordinates within each unit cell, and, in some circumstances, this internal magnetostriction may differ largely from the external magnetostriction [1] . Direct observation of internal distortions is, obviously, more difficult than observation of the external magnetostriction. The control of the thermodynamic pressure parameter represents a powerful way to explore this complex magnetoelastic coupling because it acts directly on interatomic distances. Compression modifies all energies in play in a magnetic system-the magnetic isotropic and anisotropic energies, the magnetoelastic and the elastic energies-and can lead to important modifications in structural, elastic, electronic, and magnetic properties of matter [2] . For example, in 3d metals and their alloys the effect of pressure is to widen the electronic bands, which in turn leads to a decrease of the density of states at the Fermi level, such that the magnetic state stability condition given by the Stoner criterion is no longer met [3] . In fact, theoretical calculations predict a suppression of magnetism in both Fe and Co with pressure [4, 5] . Being able to track the pressure evolution not only of magnetic moments but also of local atomic displacements due to magnetostrictive strain can help disentangle the interplay between magnetic and structural degrees of freedom in magnetic materials. At ambient pressure, anisotropic (Joule) magnetostrictive strains in both Fe and Co are tiny, due to the very weak spin-orbit interaction typical of itinerant 3d magnetic systems. However, by mixing them to produce FeCo, local atomic strains induced by magnetostriction are slightly enhanced and can be measured [6] . Anisotropic magnetostriction originates directly from the strain dependence of the magnetocrystalline anisotropy (MCA) energy that can now be calculated for many systems [7, 8] . In 3d metals, the signs of the magnetostriction constants can be explained through strain induced d-band broadening and shifting. MCA of ferromagnetic materials containing transition metals has become the subject of intensive theoretical and experimental research because of the technological implications for high-density magneto-optical storage media. An essential parameter to further increase the recording density in hard disk drives is a large uniaxial MCA. Recent ab initio calculations have shown that when the cubic lattice symmetry of ferromagnetic homogeneously disordered alloys is broken, i.e., by imposing a compositional modulation [9] or a tetragonal distortion [10] , MCA is largely enhanced. The understanding of magnetostriction, and its theoretical description, still remains a great challenge because it is difficult to determine the magnetoelastic coupling, i.e., the dependence of MCA energy on lattice strain. In this respect, direct measurements of local strain values, as well as their evolution with pressure, can give a fundamental input to gain physical insight into this complex problem. Up to now only external magnetostriction measurements were presented in the literature, where microscopic information is lost through averages over different chemical bonds, crystal defects, etc. In this Letter, we present experimental results on the pressure evolution of femtometer local atomic displacements induced by anisotropic magnetostriction and compare them to state-of-the-art ab initio calculations. We show that the availability of experimental data on local magnetostrictive strain and its evolution with pressure, coupled to the recently achieved precision of modern calculations, open new capabilities for making theoretical predictions and, perhaps more importantly, provide meaningful physical insights. These models need experimental validation and there is a critical lack of data at high pressures. Furthermore, these experiments open the way to measurements of anisotropic magnetostriction in structures that do not exist at ambient pressure and to follow their evolution with pressure and temperature. This opportunity could have far reaching implications in a number of fields and is something important to look at in the future.
We have applied x-ray absorption spectroscopy (XAS) in differential mode to measure the evolution of local magnetostrictive strain in FeCo as a function of pressure. Coupled to high pressure x-ray magnetic circular dichroism (XMCD) [11, 12] , this new technique has the potential to shed light into the origin of magnetic anisotropy in complex and disordered systems since it gives local atomic information, very complementary to macroscopic (''average'') data obtained using conventional methods. It has the potential to disentangle contributions to strain from AA, BB, and AB bonds in an A x B 1ÿx alloy, for example. The development of differential XAS (DIFFXAS) techniques to measure tiny displacements was carried out at the energy dispersive XAS beam line of the European Synchrotron Radiation Facility (ESRF), ID24 [13] , where a sensitivity to differential atomic motion of one femtometer has been achieved [6] . At ambient pressure and temperature, chemically ordered (disordered) Fe 50 Co 50 crystallizes in the PM3-M (IM3-M) structure. No previous work was found in the literature on the structure or magnetic properties of FeCo at high pressures, whereas Fe and Co have been extensively studied both theoretically [4, 5] and experimentally [14 -17] . Fe is found to lose its ferromagnetic order at the onset of the bcc ! hcp phase transition, at around 14 GPa [14, 15, 17] , whereas Co remains ferromagnetic up to at least 100 GPa [16, 17] . In order to track the pressure evolution of the local structure, the magnetostrictive strain, and ferromagnetism in FeCo, we have coupled high pressure extended x-ray absorption fine structure (EXAFS), DIFFXAS, and XMCD measurements at the Fe K edge. All experiments were carried out on beam line ID24, using a 7 80 80 m 3 chip of annealed polycrystalline FeCo of nominal composition 50:50. Our EXAFS measurements are insensitive to chemical order in this system, owing to the similarity of the scattering properties of Fe and Co. High resolution x-ray diffraction, carried out on beam lines ID27 and ID11 of the ESRF, show that some degree of chemical order might be present. This is also confirmed by the intensity and shape of the XMCD signal [18] . The sample was loaded in a nonmagnetic CuBe diamond anvil cell (DAC) equipped with a pair of 350 m culet diamonds, one of which was perforated to reduce absorption. Placed within a 150 m diameter hole of a 25 m thick Inconel gasket, the sample was then surrounded by a 4:1 methanol:ethanol mixture known to provide hydrostatic conditions up to about 10 GPa [19] . The pressure was measured using the ruby fluorescence method [20] . Figure 1 shows an example of Fe K edge XAS and XMCD signals measured at P 3 GPa, as well as the pressure evolution of the integral of the XMCD signal, I. The XMCD at the K edge of transition metals has been shown to scale with the 4p conduction band spin polarization [21] . The K edge XMCD signal can be used to track the evolution of the magnetic moment with pressure through modifications of the 4p band induced by changes in the 3d moment [11, 15, 17] . Details of the experimental setup and data reduction method for the XMCD measurements may be found in [12] . The presence of a signal up to 8 GPa indicates that ferromagnetism is preserved in FeCo in this pressure range. For the DIFFXAS measurements at high pressure, the DAC was placed at the center of a rotating magnetic field device, composed of 8 NdFeB permanent magnet elements, yielding a 0.5 T field sufficient to magnetically saturate FeCo. The system allows the rotation, via stepping motors, of the magnetic field on a plane perpendicular to the propagation of the linearly polarized x rays. Measurements of the absorption coefficient were made with the magnetic field direction being either parallel or perpendicular to the x-ray polarization vector. Transmitted intensity measurements were made repeatedly at every 90 angle between the magnetization vector and the photon polarization vector. The differential absorption was calculated from the transmitted intensities, averaged over a large number of cycles to improve the signal to noise ratio [12] , and normalized by dividing by the edge jump. A fast readout low noise CCD-based detector developed at the ESRF was used, the FReLoN camera [22] , allowing the reduction of acquisition time to a few hours for each high pressure DIFFXAS spectrum. 
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bond contraction. A complete EXAFS data analysis will appear elsewhere. At 6.9 GPa, the overall shape of the DIFFXAS signal is similar to that at ambient, although its frequency is slightly reduced to account for bond compression. We have shown [6] that this signal can be well reproduced by including all photoelectron scattering paths up to quintuple scattering for a cluster of radius 7.5 Å , and assuming that the interatomic strains scale directly with the macroscopic strain. At ambient pressure, the average value of local bond displacements due to magnetostriction is found to be of the order of a few fm [6] . The amplitude of the DIFFXAS signal is proportional to the sum, over all paths, of the amplitude of the corresponding EXAFS signal multiplied by the magnitude of path length changes [6] . Our EXAFS analysis shows that the amplitude of the signal at 6.9 GPa is equal to within a few percent of that at ambient. This is consistent with previous high pressure EXAFS work on Fe [23] . Therefore, any DIFFXAS amplitude variation in this pressure range is to be attributed to modifications in atomic displacements. As a first approximation, we quantify the amplitude by taking the peak-peak (P-P) value where the signal to noise ratio is highest, i.e., around E 7210 eV. We have shown [6] that this large oscillation mostly arises from the photoelectron undergoing single scattering from the second neighbor shell, in the [100] direction. In FeCo, this is the crystallographic direction where magnetostrictive strain is largest, with a linear magnetostrictive constant 100 200 ppm at ambient pressure.
In a cubic crystal, 100 is related to the derivative of the MCA energy versus tetragonal strain, B 1 , and to the elastic constants C 11 and C 12 [24] : 100 ÿ2=3 B 1 =C 11 ÿ C 12 . This expression shows clearly how magnetostrictive strain results from an equilibrium between elastic energy and the strain dependence of MCA energy. Using experimental and theoretical data available from the literature on bcc Fe [25] , the denominator term C 11 ÿ C 12 is found to increase approximately 15-20% between ambient and 10 GPa. This leads to smaller magnetostriction at high pressure and somewhat reflects the commonly accepted expectation that compression leads to shorter and ''stiffer'' bonds, therefore more difficult to deform. The pressure evolution of the numerator is unknown. An increase in B 1 could, of course, compensate or exceed that of the denominator, therefore changing the expected trend on bond strain dictated only by elasticity considerations. In the inset of Fig. 2 we plot the amplitude evolution as a function of pressure obtained from our experiments. The data shown here are relative to three different runs to check reproducibility, where each run corresponds to the loading of a fresh sample in the DAC. The DIFFXAS signal is seen to increase with pressure, and at 7 GPa its amplitude is about 20 10% higher than at ambient. We therefore attempted a calculation of the pressure evolution of B 1 in bcc FeCo. Since magnetocrystalline anisotropy is caused largely by spin-orbit coupling it receives an ab initio theoretical description from the relativistic generalization of spin density functional theory [26] . Typically, the total energy, F, is calculated for 2 or more directions and then the MCA is obtained from the difference, F. F is typically small, ranging from meV to eV, and high precision in calculating the energies is required [8, 9] . We have calculated the total energy difference ab initio of a compositionally disordered 50:50 FeCo alloy when magnetized along 1; 0; 0 and 0; 0; 1 directions in the body centered tetragonal lattice for different volumes, compatible with the pressures used in the experiments, and different tetragonal distortions, c=a. We used the spin-polarized, relativistic, Korringa-Kohn-Rostoker (KKR) multiple scattering method where the disorder was treated with the coherent potential approximation (CPA) [8, 9] . We found the magnetic moment on Fe and Co to be rather insensitive to pressure in the pressure range up to 8 GPa. Figure 3 shows the magnetocrystalline energy, F F0; 0; 1 ÿ F1; 0; 0, versus tetragonal strain for 3 pressures. The increase of the gradient of the line, B 1 , is important when the pressure is increased from ambient to 3.6 GPa. B 1 then stabilizes when the pressure is further increased to 8 GPa. The overall enhancement of B 1 largely compensates that of the elastic constants in this pressure range, leading to a larger magnetostriction at high pressure in agreement with experiment.
In conclusion, we have demonstrated the feasibility of an experiment that allows the measurement of the pressure 9 GPa. The inset shows the pressure evolution of the ratio R between the amplitude of the DIFFXAS signal at pressure P and that at ambient (see the text for further details). Data from three independent runs (square, triangle, and lozenge) are compared to data at ambient (circle).
evolution of tiny atomic displacements in complex and disordered systems. In principle, any reproducible distortion of the local structure induced by an external perturbation can be investigated with this method. As an example, we have studied the pressure evolution of magnetostrictive local atomic displacements in FeCo and compared our results with spin-polarized relativistic KKR-CPA calculations. We find that modern first principles approaches appear to be sufficient for the determination of the order of magnitude, the sign and mechanism of the tiny magnetostriction values observed in transition metals, and their evolution with pressure. Our combined experimental and theoretical approaches both lead to the conclusion that in FeCo magnetoelastic coupling favors enhancement of atomic displacements with decreasing volume, contrary to expectations based only on the commonly accepted ''stiffening'' of bonds with compression. Evidently the pressure-induced broadening of the d bands contributes to an enhancement of the distortion-induced band shifting and broadening, which is responsible for the positive magnetostriction constant 100 in FeCo [7] , and leads to an increase of B 1 with pressure. If a three dimensional compression of bulk FeCo obtained through the application of hydrostatic pressure enhances magnetostriction, then one could expect similar effects in thin epitaxially grown FeCo films where lattice mismatch plays a similar role as the application of pressure along two dimensions. Tetragonally distorted FeCo could, therefore, not only possess the desired properties for use in magnetic recording media [10] , but could also have great potential for magnetostrictive applications. Investigating the effect of pressure on the magnetic behavior of 3d transition metals and their alloys is essential from both a fundamental and a technological point of view. In this respect, the combination of theory and experiment can help guide the search for the right elements and composition to synthesize materials with desired magnetostrictive properties. One can anticipate that these methods will be very useful in elucidating, for example, the atomic origin of the giant magnetostriction observed in rare-earth transition metal compounds. 
